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Abstract 8 
Multiple remote observations have indicated the existence of ice deposits in permanently shadowed 9 
regions (PSRs) near the lunar poles, nurturing hopes of possible future resource exploitation. 10 
However, the interpretation of the orbital data remains ambiguous and ground truth data is 11 
necessary for validation. The Lunar Volatiles Scout (LVS) is an integrated instrument for regolith 12 
sampling, gas extraction, and analysis that enables mobile prospecting for lunar volatiles, such as 13 
loosely adsorbed water and subsurface ice up to a depth of 10 cm. This study presents results of 14 
breadboarding activities using an integrated prototype of the LVS instrument to investigate soil 15 
insertion and to demonstrate gas extraction and analysis in thermal vacuum. The required vertical 16 
force for LVS insertion into dry and ice-bearing regolith was determined to be less than 15 N and 17 
sample-to-sample cross-contamination was found to be negligible. Thermal-vacuum test results 18 
proved the successful extraction of water from a hydrated lunar regolith simulant and detection of 19 
species across a mass to charge ratio m/z range of 15 to 200. 20 
1 Introduction 21 
The existence of water and other volatiles on the Moon has sparked great interest among 22 
researchers in the recent decade, both for its potential as a resource for future exploration missions 23 
and for what it could reveal about the mobility of volatiles within our solar system since its formation 24 
 
 
(Anand, et al., 2014). Various missions, such as Clementine (Nozette, et al., 1996), Lunar Prospector 25 
(Feldman, et al., 1998), Cassini (Clark, 2009 ), Deep Impact (Sunshine, et al., 2009), Chandrayaan-1 26 
(Pieters, et al., 2009), Lunar Reconnaissance Orbiter (Mitrofanov, et al., 2012), and LCROSS 27 
(Colaprete, et al., 2010) have investigated the existence of lunar water using neutron spectroscopy, 28 
visual, infrared and ultraviolet spectroscopy, and radiometry.  29 
Infrared spectroscopy measurements indicate changes in surface regolith hydration during the lunar 30 
diurnal cycle (Clark, 2009 ) and an increased hydration towards higher latitudes (Pieters, et al., 2009).  31 
Indications of significant amounts of water ice in regions where the surface temperature never 32 
exceeds 110 K were found by ultraviolet spectroscopy (Hayne, et al., 2015). These were further 33 
confirmed by reflectance measurements (Fisher, et al., 2017) and infrared spectroscopy 34 
measurements (Li, et al., 2018).  Neutron spectroscopy data suggest areas of enriched hydrogen 35 
abundance near the lunar poles, however the spatial resolution remains poor and the interpretation 36 
of the results remains ambiguous (Teodoro, et al., 2014). In 2009, the Lunar Crater Observation and 37 
Sensing Satellite (LCROSS) observed the ejecta of an artificial impact event in the permanently 38 
shadowed Cabeus crater, indicating a water ice content of 5.6 +/- 2.9% and significant amounts of 39 
hydrogen sulfide, ammonia, sulfur dioxide, carbon dioxide, various hydrocarbons and hydroxyl 40 
(Colaprete, et al., 2010). To date, this is the strongest evidence for the existence of significant 41 
amounts of water and other volatiles on the Moon, however further data on their physical state, 42 
nature, and spatial distribution is needed.  43 
Simulations have provided further insight into the likely distribution of ice at the lunar poles. Paige et 44 
al (2010) have created a model that predicts the stability of ice in regolith as a function of depth and 45 
temperature, using surface temperature data obtained from the LRO Diviner Lunar Radiometer 46 
experiment. The results confirm that surface ice should survive within permanently shadowed 47 
regions (PSR) and that ice covered by a regolith layer of a thickness up to 10 cm should remain stable 48 
(sublimation rate below 1 kg/m2 per billion years) at around 15 % of the surface area at the lunar 49 
South Pole (latitude < -80°).  50 
 
 
Hurley et al (2012) presented Monte Carlo simulations of space weathering effects on ice deposits in 51 
PSRs. In their simulations, they subjected an initially solid layer of surface ice to millions of years of 52 
micro-meteorite bombardment. Over time, the layer breaks up and the pieces get buried, resulting in 53 
a heterogeneous volatiles distribution. In a similar study, Farrel et al (2015) investigated how space 54 
weathering effects can cause a spillage of volatiles from the floor of PSRs onto adjacent surfaces. As a 55 
result, they suggested that by measuring the volatiles content of the more accessible terrain 56 
surrounding a PSR the actual volatiles content within the PSR could be inferred. 57 
In light of these findings, the next logical step for the exploration of lunar volatiles will be surface 58 
missions to provide ground truth data in multiple selected regions. In 2014, the Lunar Exploration 59 
Analysis Group (LEAG) formed the Volatiles Special Action Team (VSAT) that defined five priority 60 
measurements for future landed missions (Bussey, et al., 2014), which were further endorsed by the 61 
Topical Team on Exploitation of Local Planetary Materials of the European Space Agency (ESA) 62 
(Anand, et al., 2015): 63 
1. Variability of volatiles distribution (lateral and vertical) 64 
2. Chemical phase of volatile elements 65 
3. Chemical and physical behavior of polar soil with temperature 66 
4. Geotechnical properties  67 
5. Current volatile flux 68 
The LEAG report identifies a rover with subsurface sampling capability as the most suitable approach 69 
to obtain these measurements. The authors highlight two regions near the lunar South Pole (in the 70 
vicinity of the Cabeus crater and the Shoemaker/Nobile crater) and one region near the North Pole 71 
(in the vicinity of the Peary crater) as ideal landing sites. All three regions contain multiple sites that 72 
provide some solar illumination for the operation of solar powered systems and Earth visibility for 73 
communication. They also lie close to a PSR (<1 km), are sufficiently level for rover operations (slopes 74 
<10°) and show increased hydrogen concentrations from orbital neutron spectroscopy 75 
measurements (Bussey, et al., 2014). 76 
 
 
To enable future volatiles exploration missions, instrumentation is needed for the investigation of 77 
volatiles that complies with the strict mass, power and volume constraints of lunar rovers. This paper 78 
presents the Lunar Volatiles Scout (LVS), an integrated soil sampling and analysis instrument for lunar 79 
in-situ measurements that is designed to be carried by a small rover. Specifications and detailed 80 
design of the instrument are presented as well as preliminary instrument characterization results 81 
from laboratory tests. 82 
2 Scientific Objectives  83 
The main purpose of the LVS is to address the first of the aforementioned LEAG VSAT priority 84 
measurements: Determine the lateral variability of volatiles distribution on the lunar surface. Thus, it 85 
needs the abilities to sample lunar soil at different depths down to at least 10 cm, determine the 86 
chemical species of volatiles in the sample, their relative concentrations, and ideally their abundance. 87 
Additionally, the LVS offers the opportunity to address some of the other priority measurements. 88 
Outgassing rates as a function of temperature can provide indications on the chemical phase of the 89 
released volatiles. Geotechnical properties, such as bulk density, cohesion, and internal friction angle 90 
may be inferred from the force required to insert the LVS into the ground. Finally, volatiles may also 91 
be released from the regolith by mechanical interaction of the rover wheels with the soil or by 92 
heating of the soil due to the rover’s presence or changing solar illumination. Continuous 93 
measurement of these volatiles during the rover traverse can provide further insight into the 94 
dynamics of volatiles on the lunar surface or indicate locations of interest for sampling. In summary, 95 
the LVS shall: 96 
• Extract and analyze volatiles from lunar regolith 97 
• Measure the insertion force as a function of depth 98 
• Measure free volatiles released from the regolith by rover wheels or solar illumination 99 
Figure 1 shows a sketched reference mission scenario for the LVS in which a lunar lander touches 100 
down in the polar region and a small rover carrying the LVS is deployed. Multiple investigations can 101 




Figure 1: Sketched top down view of an example landing site for the LVS with highlighted sites of interest: (1-2) Landing site 104 
contamination assessment; (3) Search for volatile enriched locations due to spillage in vicinity of large PSR; (4-5) 105 
Investigation of locally shadowed (low-temperature) –as well as illuminated (high-temperature) areas around a boulder; (6-106 
7) Investigation of a small, accessible PSR and its surrounding temporary shadow.  107 
After rover deployment and commissioning, the LVS takes multiple samples in the vicinity of the 108 
lander to assess the extent of surface contamination by the retro-propulsive rockets (1) and possible 109 
shielding effects by rocks or boulders (2). Measuring the potential contamination is not directly 110 
relevant to the science objectives, but it provides useful context for the measurement of volatiles by 111 
static landers, such as Luna-27 with the ESA PROSPECT payload (Trautner, et al., 2018). In addition, 112 
these measurements establish a baseline and demonstrate system functionality in the relative safety 113 
close to the lander. The second target is the vicinity of a large PSR (3), where multiple investigations 114 
are performed at different distances to verify model predictions about increasing concentration of 115 
volatiles towards the PSR (Farrel, et al., 2015). The third target is the investigation of volatiles in 116 
different illumination conditions. Orbital observations indicate diurnal changes in surface volatiles 117 
concentrations with an increase in cold shadow and a decrease in hot illuminated areas (Clark, 2009 118 
). The low solar elevation in the lunar polar regions in combination with its long diurnal cycle of 28 119 
days means that even small boulders can cast large, long-lasting shadows in which the regolith will 120 
cool down significantly, while the illuminated side of a boulder and the regolith directly in front of it 121 
 
 
will get very hot due to direct solar illumination, albedo, and infrared radiation from the boulder. 122 
Thus, the LVS would perform investigations both in shadow (4) and in front of the boulder (5) to have 123 
a direct comparison. Finally, the rover would investigate a small, accessible PSR, performing multiple 124 
measurements with the LVS in the PSR vicinity (6) and directly inside (7).  125 
It should be noted that this reference scenario is an ideal case. An actual mission scenario will be 126 
subject to various constraints and may include conflicting schedule demands from other payloads 127 
and will therefore exclude certain measurements. A more detailed mission scenario for the LVS is 128 
currently under investigation as part of the “Lunar Volatiles Mobile Instrumentation - extended” 129 
(LUVMI-X) study.  The LUVMI-X rover has a mass of 40 kg, the ability to enter and operate within 130 
small accessible PSR’s, and includes various other payloads. It is solar-powered and capable of 131 
operating for at least 14 days (Gancet, et al., 2017) (Gancet, et al., 2019). 132 
3 Instrument Description 133 
The LVS presents an innovative approach to lunar volatiles prospecting, by performing sample 134 
acquisition, heating, and analysis directly in-situ in the ground and thus avoiding complex sample 135 
handling and preparation mechanisms. This is illustrated in Figure 2: The LVS consists of an augered 136 
drill shell with a central heating element that can be inserted into the ground. Once inserted, the 137 
heating rod heats the enclosed sample and the volatiles are released and detected by an ion-trap 138 
mass spectrometer (ITMS) directly above the drill shell. The concept, which was originally developed 139 
through the LUISE activity funded by the German Aerospace Center DLR (Reiss, et al., 2015), is similar 140 
to the “Sniffer” concept for volatiles extraction presented by Zacny et al (2016)  as part of the 141 




Figure 2: Schematic of the LVS 144 
For the present study with the LVS prototype, heating was conducted with 15 W constant power for 145 
a time of 90 min in high vacuum. The resulting temperatures depend strongly on the insertion depth 146 
and water content. For 10 cm insertion depth with completely dry regolith and 90 min of heating, the 147 
maximum achievable temperature is around 500 °C. This is sufficient to sublimate water ice (Feistel, 148 
et al., 2007) and release loosely adsorbed water (Poston, et al., 2013), but may not be enough to 149 
release chemically bound volatiles. Higher temperatures could be achieved by a longer heating 150 
duration or reduced sample size, but this has not been investigated further so far. 151 
After release, volatiles either remain trapped within the drill shell, move towards the ITMS through a 152 
small orifice, or escape downwards through the regolith. A preliminary study showed that 44 % of 153 
the released gas was lost this way in a comparable setup (Parzinger, et al., 2013), though this also 154 
depends on regolith properties, temperatures, and achieved gas pressures in the shell.  155 
Above the shell, the ITMS is mounted, which analyses the chemical species in the evolved gas. The 156 
ITMS volume is connected to the sample volume via a small orifice to ensure that the pressure in the 157 
ITMS volume does not exceed the operational limit of 10-3 mbar. Pressures inside both the sample 158 
volume and the ITMS volume are recorded by Pirani pressure sensors, which cover a range of 159 
 
 
10-3 mbar to 10 mbar. The pressure inside the sample volume may be used as an indication for the 160 
abundance of volatiles or the diffusivity of the sample (Reiss, 2018). The ITMS itself is a single unit 161 
comprising the Quadrupole Ion Trap Mass Spectrometer (March, et al., 2005) and associated control 162 
electronics (see Figure 3).  The ITMS draws on heritage of the Ptolemy ITMS instrument which made 163 
the first in-situ measurements of volatiles and organics on comet 67P on board the Rosetta lander 164 
Philae in 2014 (Morse, et al., 2015) (Wright, et al., 2015). In the ITMS released gases are ionized by a 165 
filament electron source. The ions are then stored in the electrode cavity by a radio frequency (RF) 166 
trapping field that is applied to the ring electrode of the ITMS. The RF amplitude is increased and as 167 
the voltage exceeds a threshold, the ions within the ion trap are ejected onto an electron multiplier 168 






Where m is the mass of the ion, r0 is the inner radius of the ring electrode, e is the electron charge 170 
and Ω is the RF angular frequency. The ion trap has r0=8 mm radius, and operates with a frequency of 171 
550 kHz, giving an ejection voltage of around 2 V per mass unit. The RF field was generated from a 172 
12 bit control voltage using a tuned resonance LC circuit (inductor (L) and capacitor (C) wired in 173 
parallel) capable of producing a maximum voltage of about 800 V peak-to-peak on the ring electrode. 174 
A software programmable scan function was used to control the voltages on the ion trap electrodes 175 




Figure 3: Image of the LVS ITMS prototype. 178 
 179 
 180 
Figure 4:  A typical ion trap scan function: Electrons are admitted into the ion trap cavity whilst the radiofrequency (RF) 181 
voltage (amplitude of the RF voltage) is held at the storage voltage (VS).  Following ionization and after allowing 0.5 ms for 182 
trapped ions to settle, the RF voltage is ramped to eject ions from the trap in order of ion mass. Unit of the RF voltage is 183 




This device offers a mechanically simple, low mass, volumetrically compact mass spectrometer that 186 
can be used to perform rapid identification and characterization of volatiles in real time as they are 187 
delivered to the instrument.  In operation the gas inside the ITMS must not exceed a certain pressure 188 
to protect the filament electron source, which is ensured by the dimensioning of a vent orifice to the 189 
lunar exosphere. The operational mass range of the ITMS will allow a wide range of species to be 190 
detected and characterized.  191 
Table 1: Instrument specifications of the LVS (values of the prototype) 192 
Total mass: 1.9 kg 
Power: < 20 W 
Mass spectrometer range: m/z 15 to 200 
Mass resolution: 2 
ITMS lower detection limit: 1x10-10 mbar 
ITMS max operating pressure 1x10-3 mbar 
 193 
An image of the latest LVS prototype is shown in Figure 5 and the main properties are summarized in 194 
Table 1. Its augered drill shell has a length of 150 mm and an inner diameter of 38 mm, enclosing a 195 
maximum sample volume of 163 cm3 and resulting sample masses between 245 g and 277 g, for bulk 196 
densities between 1.5 g/ cm3 and 1.7 g/cm3. The shell can be rotated by a brushed DC motor for 197 
eased insertion. On top of the drill, the pressure sensors, the ITMS, and a reference gas system is 198 
mounted. The reference gas system will allow the injection of small quantities of a compound with a 199 
known mass spectrum, such as perfluorotributylamine (PFTBA) for on-board recalibration of the 200 
ITMS to account for possible contaminants from prior samples or outgassing of rover components. 201 
The entire LVS instrument fits into a 120 mm x 120 mm x 400 mm envelope and has a total mass of 202 




Figure 5: Left: render image of the LVS including dimensions and annotations, Right: Actual image of the prototype. 205 
4 Instrument Characterization 206 
The instrument characterization was performed in four steps: (1) investigate the mechanical 207 
insertion of the LVS into lunar regolith simulant, (2) characterize ITMS performance, (3) characterize 208 
the LVS drill and heater in thermal vacuum environment, and (4) test the LVS integrated with the 209 
ITMS. Based upon the knowledge gained through previous proof of concept tests of different 210 
subsystems, a special test facility was set up to enable the increasingly complex activities to achieve a 211 
full instrument characterization in a relevant environment. Each of the four separate goals of the 212 
characterization campaign is described in more detail in the following sections. ITMS tests were 213 
performed at the facilities of the Open University, while the mechanical, gas extraction and 214 
integrated prototype tests were performed at the Technical University of Munich. 215 
4.1 Mechanical Insertion  216 
The purpose of this test was to predict the ability of the LVS to sample lunar soil with different ice 217 
contents. This included observing the behavior of the ice-bearing sample, estimating sample cross-218 
contamination, and determining the penetration force. The latter is of particular relevance for small 219 
rovers because they can only provide a limited vertical force under lunar gravity (for example a 20 kg 220 
rover can only provide a maximum vertical force of 32 N at 1.6 m/s²). 221 
 
 
For the purposes of this study, the lunar surface was approximated using the JSC-1A lunar regolith 222 
simulant (Zeng, et al., 2010) contained in a 10 l bucket. The simulant was prepared by loosening with 223 
a rake, mixing with the desired amount of water while stirring until the water was homogenously 224 
distributed, and subsequent freezing with liquid nitrogen. Hydrated samples yielded average bulk 225 
densities of 1.44 g/cm3 for 2.5 wt% water and 1.48 g/cm3 for 5.0 wt% water (Table 2). The prepared 226 
dry simulant achieved an average bulk density of 1.68 g/cm3, which corresponds to a friction angle of 227 
40° ±2° (Iai, et al., 2011). According to Zeng et al (2010) JSC-1A has negligible cohesion. Lunar regolith 228 
at the Apollo landing sites has an average bulk density of 1.58 ±0.05 g/cm3, an average friction angle 229 
of 44° - 47°, and an average cohesion of 0.9 kPa for a depth up to 30 cm (Carrier, et al., 1991). 230 
Because the shear strength and the bulk density are lower under lunar gravity we consider these test 231 
conditions as sufficiently conservative. Hydrated samples yielded lower bulk densities, but no data is 232 
available yet from actual icy lunar samples for comparison. 233 
Table 2: Insertion test conditions and results 234 












10 cm [N] 
A 0.0 Ambient 1.68 0.026 12.4  
B 2.5 -156 1.44 0.040 8.7 
C 5.0 -158 1.48 0.034 11.1 
For the initial drill tests the drill was activated and moved downwards into the simulant at constant 235 
speed while the force was recorded via a load cell. An important parameter for the insertion is the 236 
speed ratio, which is the ratio of rotational versus vertical speed of the drill shell. A higher speed 237 
ratio allows a lower penetration force but also causes higher mechanical sample disturbance. The 238 
speed ratio was chosen such that the vertical haulage of the drill auger is twice as high as the vertical 239 
insertion speed, as this was found to be an optimum between low sample disturbance and low 240 
penetration force. 241 
 
 
Three sets of test cases with six individual tests each were conducted: test case A with dry JSC-1A at 242 
ambient conditions and test cases B and C with 2.5 % and 5 % water mass content at temperatures 243 
below -150 °C, which corresponds to temperature estimates for stable water in PSRs (Colaprete, et 244 
al., 2010) (Hayne, et al., 2015). The resulting forces over depth are shown in Figure 6: For all cases, 245 
the penetration force rises moderately to less than 15 N at 10 cm depth and then starts to rise 246 
sharply. No significant difference in vertical force was observed between icy or dry samples. A 247 
possible explanation for the sharp increase below 10 cm could be that the auger on the drill shell 248 
does not extend all the way up the shell and may lose effectiveness when it is fully inserted in 249 
regolith. Another explanation is the strongly increasing bulk density and shear strength at greater 250 
depths in the soil.  251 
To assess possible sample-to-sample cross-contamination, the soil residuum on the instrument was 252 
measured. For the retraction the drill was rotated in the reverse direction, which expelled the 253 
majority of the sample from the drill shell. After each test the instrument was visually inspected and 254 
then dismantled. The mass of soil residuum on the drill shell, which essentially was dust sticking to 255 
the surfaces, was determined on a scale. In all cases, the residuum mass was less than 0.25 % of the 256 
average dry sample mass. The sample masses for the insertion depth of 100 mm ranged between 257 





Figure 6: Average penetration force over depth for the LVS in JSC-1A lunar regolith simulant with six individual tests per test 261 
case. Error bars indicate the one sigma standard deviation at arbitrary intervals on the curves.  262 
4.2 Characterization of the ITMS 263 
The purpose of this test was to verify the capability of the ITMS to identify chemical species across 264 
the specified mass range. For this purpose the ITMS was placed in a vacuum chamber, into which a 265 
flow of PFTBA was admitted. PFTBA is a compound that is frequently used for mass spectrometer 266 
calibration because it yields a range of characteristic fragments with known mass to charge ratio 267 
(Creaser, et al., 200). Figure 7 shows the acquired mass spectrum together with the RF voltages of 268 
the PFTBA peaks. The peaks confirm the expected linear relationship between m/z and ejection 269 
voltage. Using this correlation, the ejection voltage of the RF field can be used to determine the m/z 270 
values of the chemical species that are released by the LVS. The results also show that m/z values 271 





Figure 7: Results of the ITMS from calibration with perfluorotributylamine (PFTBA). Upper panel: Full mass spectrum after 275 
PFTBA injection. Lower panel: RF field amplitude digital to DAC reading over m/z ratio. Crosses indicate (known) peaks in the 276 
PFTBA spectrum. 277 
 278 
4.3 Characterization of Gas Extraction  279 
The purpose of this set of tests was to demonstrate the ability of the LVS to extract volatiles from icy 280 
regolith samples and to characterize the relation between the abundance of volatiles and gas 281 
pressures generated by their release. A schematic of the test setup is shown in Figure 8. The tests 282 
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container. The sample container is enclosed by a cold shroud, which can be cooled by liquid nitrogen. 284 
The chamber uses a dust-tolerant Leybold T350i turbo-molecular pump and the pressure is 285 
monitored by a Leybold Penningvac PTR 90 sensor, which also serves to calibrate the Pirani sensors 286 
of the LVS. The sample temperature is measured by a 0.5 mm metal sheath thermocouple, which is 287 
inserted to a depth of 5 cm at a distance of about 3 cm to the inserted drill shell. In addition, a 288 
webcam provides a live video feed from inside the vacuum chamber. 289 
 290 
Figure 8: Schematic of the thermal-vacuum test setup. 291 
Pictures of both the LVS in the chamber and a prepared sample are given in Figure 9. For this set of 292 
tests the ITMS was not attached. Samples were prepared analogously to the insertion experiments, 293 
but were frozen under ambient pressure to -50 °C before the chamber was evacuated. Noticeable 294 
loss of volatiles from the cooled sample container due to vacuum alone was observed only in the 295 
topmost 1 – 2 cm during evacuation of the vacuum chamber. The test procedure is detailed in Table 296 
3.  297 
Table 3: Operational procedure for the gas extraction tests 298 
Step Time [hh:mm] Description Duration 
1. T -24:00 Sample preparation: Samples are prepared (and hydrated for icy - 
 
 
samples) and mounted in vacuum chamber. 
2. T -18:00 Freezing: Hydrated samples are frozen to -50°C. - 
3. T -06:00 Evacuation: The chamber is evacuated to below 10-4 mbar. - 
4. T -03:00  Bakeout: After evacuation and prior to sampling, the LVS heater 
is activated at 15 W for 30 min to bake out moisture and other 
contamination from the heater and the drill shell. 
30 min 
5. T +00:00 Drilling: The drill is activated and lowered by the linear guide for 
insertion into the sample until the desired depth is reached.  
5 min 
6. T +00:10 Heating: The heating rod is activated with a constant power of 
15 W. 
90 min 
7. T +01:50 Retraction: The drill is activated and raised by the linear guide 
until it is completely retracted from the sample. 
5 min 
8. T: +02:00 End of test. - 
 299 
  300 
Figure 9: Left: Image of the LVS on the vertical actuator inside the thermal vacuum test setup. Right: Image of a hydrated 301 
frozen JSC-1A sample in the sample container. 302 
 
 
The purpose of the first test was to verify the test setup and the sample preparation procedure. For 303 
the subsequent tests to be meaningful, the setup and procedure must yield reproducible results. 304 
Thus, three dry samples were prepared at room temperature. Due to the preparation in ambient air, 305 
the actual water mass contents ranged from 0.09 % to 0.12 % by weight. Outgassing tests were 306 
performed on each of these samples, using a test procedure that was identical in all three cases, 307 
except for a small drop in heating power during the first test due to a software failure. Nonetheless, 308 
Figure 10 shows that the evolution of the gas pressure inside the drill shell is very similar for all three 309 
cases. The pressure starts to rise after about 4 min, which corresponds to the time of first contact 310 
between the drill shell and the sample. This increase in pressure can be attributed to mechanical 311 
disturbance of the sample surface. Thermal release can be ruled out, since the sample was not 312 
cooled for this test and had the same temperature as the drill. The pressure slowly rises further 313 
during drilling up to 10 min into the test when the heating was initiated. Here a significantly steeper 314 
pressure rise is visible and a maximum of approximately 1 mbar is reached after about 80 min of 315 
heating. The comparison of these three test runs with dry simulant proves that the setup and 316 
especially the sample preparation procedure generate reproducible results. Furthermore, in all three 317 
tests the heater temperature curve reaches a maximum value after about 50 min of heating after 318 
which the temperature falls again, even though the heating was not interrupted. The reason for this 319 
effect is that the thermal conductivity of the regolith increases with pressure and temperature (Reiss, 320 




Figure 10: Gas extraction results for three tests at ambient temperatures and 0.09 % - 0.12% water mass content. Time 323 
scale corresponds to operational procedure. 324 
The second test series aimed at showing the pressure evolution for different water contents of the 325 
sample. Five different samples were prepared, with water mass contents between 0.6 % and 5.3 %. 326 
The samples were frozen and held between -50 °C and -60 °C during evacuation. The results are 327 
shown in Figure 11. Similar to the previous test series, the pressures starts to rise immediately after 328 
the drill makes contact with the soil at 4 min. For the 0.6 % case the pressure rises to 0.01 mbar 329 
almost immediately and rises more slowly until it reaches sensor saturation at 10 mbar about 40 min 330 
after initial contact (corresponding to about 35 min after heating was started). The initial pressure 331 
rise is higher and sensor saturation is reached sooner with higher water contents, with the exception 332 
of the 5.3 % curve, which lies slightly below the 3.9 % curve.  333 
All curves reach a maximum at about 10 mbar, since this is the upper measurement limit of the Pirani 334 
pressure sensor. As with the previous tests the heater temperatures reach a maximum and then start 335 
to drop again. However, towards the end of the tests the heater temperatures rise again, because 336 
the pressures start to fall. The maximum temperatures in the sample were significantly lower than in 337 
the previous test series. This is expected, because releasing the higher amount of volatiles requires 338 
more latent heat and the higher resulting pressures increase the thermal conductivity. It is 339 
 
 
noteworthy that the heater temperature at the beginning of the test was not identical for all cases. 340 
Due to minor differences in the procedure, the initial temperature of the heating element was about 341 
40 °C higher in the cases of the 0.6 % and 1.6 % samples. However, the pressure response from these 342 
two samples was the slowest despite this increased initial temperature.  343 
 344 
Figure 11: Gas extraction results for samples with different water mass contents. Time scale corresponds to operational 345 
procedure. 346 
4.4 Combined gas Extraction and Analysis  347 
The purpose of this final test was to demonstrate that the LVS can extract volatiles from a regolith 348 
sample and identify the present chemical species. For this test a sample with 0.2 % water mass 349 
content was prepared and evacuated at ambient temperatures. The test procedure was identical to 350 
the previous tests for evacuation. However, the heating was stopped after 5 min and the LVS was 351 
retracted from the sample. This was done to protect the ITMS, since its filament is sensitive to higher 352 
pressures, and it was unclear at the time if the system dimensioning would allow a continuous 353 
operation. However, as no issues were observed, the LVS was reinserted after 15 min and a full 354 
heating sequence of 90 min was performed. Figure 12 shows the heating power and LVS drill depth in 355 
 
 
addition to the resulting pressure curves. Note that the Pirani sensors are unable to provide a signal 356 
at pressures below 10-4 mbar.  357 
The ITMS was successfully operated during the entirety of the test, despite a pressure rise in the 358 
ITMS volume to 2·10-3 mbar. Figure 13 shows three mass spectra that were acquired at different 359 
times of the test cycle. In all three plots clear peaks are visible at m/z 18 with a lower response at 360 
m/z 17 and 16, which is a very clear indication for the presence of water (Wallace, et al., 2018). 361 
 362 
Figure 12: Gas extraction plots for the combined extraction and analysis test. Time scale corresponds to operational 363 
procedure.  364 
   365 
 366 
Figure 13: Mass spectra acquired by the ITMS at different times during the combined gas extraction and analysis testing 367 
 
 
5 Discussion 368 
The presented mechanical insertion tests showed that the LVS drill and operational concept allow 369 
insertion up to a depth of 10 cm, without exceeding the vertical force available on a typical small 370 
lunar rover. No significant strengthening of the lunar regolith by the presence of water ice was 371 
observed up to this depth. Atkinson and Zacny (2018) investigated the mechanical properties of 372 
hydrated frozen JSC-1A regolith simulant with bulk densities of 1.5 – 1.67 g/cm3 and found that the 373 
unconfined compressive strength of the material increases with water content. However, the effect 374 
is less pronounced for lower bulk densities. The applied sample preparation procedure for this study 375 
did not involve deliberate soil compaction, resulting in fairly low bulk densities. While it is reasonable 376 
to assume that the topmost 10 cm of regolith on the Moon have a fairly low bulk density, further 377 
development of the LVS should also take higher densities into account. 378 
The results also showed that the current LVS design is not suited to achieve greater depths. While 379 
water ice is predicted to remain stable at 10 cm depth in certain non-permanently shadowed regions 380 
(Paige, et al., 2010), these areas are challenging with respect to their thermal environment and may 381 
not provide sufficient illumination for rover and lander operations. Future development of the LVS 382 
should therefore include careful landing site selection and mission planning, and possibly investigate 383 
if a greater drill depth is achievable since it may allow to sample in more benign illumination and 384 
thermal conditions. 385 
Testing of the ITMS with a calibration compound showed that the system can detect compounds 386 
with m/z between 15 and 219. This enables the detection of all of the chemical species detected in 387 
the LCROSS impact event (Colaprete, et al., 2010), though it is questionable if it will be possible to 388 
distinguish all individual compounds if they are all present at the same time. While it will be 389 
straightforward to distinguish the larger compounds like hydrogen sulfide, sulfur dioxide, or carbon 390 
dioxide, smaller molecules like water, ammonia, methane, and hydroxyl have similar fragmentation 391 
patterns (Wallace, et al., 2018) and determining each of the relative concentrations will be 392 
challenging. This issue needs to be investigated further, especially since the LCROSS data indicates 393 
 
 
large differences in relative concentrations (e.g. the methane concentration relative to water was 394 
reported to be only 0.65 %). 395 
The presented gas extraction results clearly show successful release and detection of water from the 396 
regolith simulant. The achieved maximum sample temperatures in the tests with low water content 397 
were in the range of 500 °C, which is comparable with the temperatures of the Resource Prospector 398 
payload OVEN that utilizes an extraction temperature of 450 °C (Kleinhenz, et al., 2018) for a similar 399 
purpose. However, further away from the heating rod the regolith temperature was likely much 400 
lower and a large temperature gradient inside the sample needs to be expected. This will become 401 
problematic if multiple species of volatiles with different outgassing temperatures are present in the 402 
sample. It needs to be investigated if the LVS will be able to determine the relative concentrations of 403 
the different species in this context. A simple solution could be to heat the sample to specific 404 
temperatures in steps and wait until the sample is sufficiently isothermal, though this will consume 405 
more time and energy. Operational constraints of the rover therefore mainly determine the 406 
feasibility of such operational modes of the instrument. It may also be beneficial to reduce the 407 
sample volume for future versions of the LVS to reduce the temperature gradients as well as the 408 
required heating power and duration. To investigate the multi-species measurement performance, it 409 
is currently envisioned to mix hydrated JSC-1A with calcium oxalate to create samples that contain 410 
multiple volatiles species for further testing with the prototype. Calcium oxalate releases chemically 411 
bound water at temperatures between 100 °C and 200 °C and carbon monoxide and carbon dioxide 412 
at about 500 °C and 800 °C respectively (Robertson, 2016).  413 
The results shown in Figure 11 indicate that for multiple samples with different contents of the same 414 
volatiles species, the pressure tends to rise faster for higher volatiles contents. Though only large 415 
differences seem distinguishable, these may be used to gain limited insight into the abundances of 416 
volatiles by relative comparison of pressure responses at different sampling sites. It may also be 417 
possible to estimate the order of magnitude of the abundance of volatiles by careful comparison with 418 
ground calibration data. This subject needs further investigation in the frame of a more thorough 419 
 
 
characterization study. Most importantly, the instrument can determine if and which volatiles are 420 
present at a particular location. Given the significant technical challenges and cost involved in landing 421 
instrumentation on the lunar surface, the LVS nevertheless provides a good compromise between 422 
measurement sophistication, mobility and cost, especially in the harsh environment of the lunar 423 
poles.  424 
For comparison ESA’s PROSPECT instrument package for the Luna-27 lander (Carpenter, et al., 2017) 425 
(Trautner, et al., 2018), which is built upon heritage of the Ptolemy instrument (Wright, et al., 2015), 426 
includes a drill, complex mechanisms, several single use sample ovens, and two mass spectrometers 427 
for the analysis of volatiles. PROSPECT accesses samples from greater depths (>1 m) and performs 428 
more detailed analyses at higher temperatures, including precise isotopic measurements and ISRU 429 
demonstrations (Barber, et al., 2018). However, the challenges of extracting and processing these 430 
samples whilst controlling sample alteration and potential loss of volatiles prior to sample analysis 431 
result in a complex mechanical system with a consequent total mass of 35 kg and 180 W peak power 432 
requirement and is therefore incompatible with a smaller rover. The expected heterogeneity in 433 
volatiles distribution due to impact gardening (Hurley, et al., 2012) means that abundances 434 
determined by PROSPECT on the static Luna-27 lander may not be representative for the wider 435 
surrounding area, and the lander’s retro-propulsive rockets also bear the risk of landing site 436 
contamination. 437 
An instrument package similar to PROSPECT has been developed by NASA for the Resource 438 
Prospector, a solar powered lunar rover designed for exploration of the lunar South Pole. With a 439 
payload capacity of 90 kg, it was intended to carry the TRIDENT drill, the Oxygen and Volatile 440 
Extraction Node (OVEN), the Lunar Advanced Volatile Analysis (LAVA), the Neutron Spectrometer 441 
System (NSS) and the Near Infrared Volatiles Spectrometer System (NIRVSS) to prospect for volatiles 442 
in and around PSRs and down to a depth of 70 cm (Andrews, et al., 2015). Resource Prospector was 443 
cancelled, but some of its instrumentation may be reused in the new Volatiles Investigating Polar 444 
Exploration Rover (VIPER) program. 445 
 
 
The LVS, in contrast, is a volatiles prospecting instrument, designed to be carried by a small rover 446 
(>10 kg) and as such it respects strict constraints regarding mass, volume, power consumption and 447 
sampling time. This makes it compatible with various landers and rovers, like LUVMI-X (Gancet, et al., 448 
2019) or Polar Ice Explorer (Calzada-Diaz, et al., 2018). As discussed here, it can provide limited 449 
information about the physical state, chemical composition, and lateral variability of lunar volatiles, 450 
which make it an ideal inexpensive precursor scouting instrument to a more complex mission, or a 451 
suitable mobile complement to a non-mobile instrument like PROSPECT.  452 
An additional goal of the LVS was to capture free volatiles from the lunar environment, which are 453 
released from the regolith by rover motion or changing illumination conditions. This was not 454 
investigated in the presented tests. Generated gas pressures are likely to be extremely low, which is 455 
complex to simulate in a laboratory setup. However, the LVS ITMS builds upon the Ptolemy 456 
instrument of the Rosetta Philea lander. Despite the unfortunate landing of Philea, Ptolemy was able 457 
to generate useful data from the gases that were released when Philea touched down on Comet 458 
67P/Churyumov-Gerasimenko (Morse, et al., 2015). Touching down at multiple sites, Ptolemy was 459 
able to identify differences in the chemical compositions of the comets coma at different landing 460 
sites, indicating a heterogeneity of the comets nucleus. Running the LVS ITMS in a background 461 
sniffing mode while the rover traverses the lunar polar landscape is likely to provide similar results, 462 
possibly identifying interesting sites for further investigation. 463 
6 Conclusion 464 
The main objective of the LVS development was to provide a tool to address the LEAG VSAT priority 465 
measurement to determine the variability of volatiles distribution. The presented instrument is able 466 
to sample lunar regolith down to 10 cm, a depth at which water should be stable in certain non-467 
permanently shadowed regions. The ability of the LVS to extract volatiles from the sample and to 468 
identify relevant species was demonstrated in a relevant environment during the characterization 469 
campaign. Its measurement capability is clearly inferior to the capabilities of competing systems, 470 
such as ESA’s PROSPECT instrument package. However, with a much smaller total mass of less than 471 
 
 
2 kg it offers an inexpensive alternative that can address many of the same scientific objectives and 472 
enable mobile in-situ prospecting for lunar volatiles.  473 
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• Regolith Sampling, Gas Extraction & Analysis Instrument for Volatiles Exploration 
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